The survival rate following lung transplantation is among the lowest of all solid-organ transplants, and current diagnostic tests often fail to distinguish between infection and rejection, the two primary posttransplant clinical complications. We describe a diagnostic assay that simultaneously monitors for rejection and infection in lung transplant recipients by sequencing of cell-free DNA (cfDNA) in plasma. We determined that the levels of donor-derived cfDNA directly correlate with the results of invasive tests of rejection (area under the curve 0.9). We also analyzed the nonhuman cfDNA as a hypothesis-free approach to test for infections. Cytomegalovirus is most frequently assayed clinically, and the levels of CMV-derived sequences in cfDNA are consistent with clinical results. We furthermore show that hypothesis-free monitoring for pathogens using cfDNA reveals undiagnosed cases of infection, and that certain infectious pathogens such as human herpesvirus (HHV) 6, HHV-7, and adenovirus, which are not often tested clinically, occur with high frequency in this cohort.
D
espite limited success with the procedure until the 1990s, lung transplantation is now routinely offered to patients with a variety of end-stage pulmonary diseases (1) . Over 3,500 lung transplants are performed annually worldwide (2) . However, clinical outcomes remain poor, with median survival (5.3 y) lagging that of other solid-organ transplants (11 y for heart and 8.5 y for liver) (3) (4) (5) . Complications frequently occur after lung transplantation and can be broadly divided into four classes (6): (i) complications related to injuries sustained during the transplant procedure, defined as primary graft dysfunction (PGD); (ii) acute cellular rejection, which occurs in ∼35% of recipients within the first year posttransplant (2); (iii) chronic rejection, the leading cause of mortality, clinically defined as chronic lung allograft dysfunction (CLAD); and (iv) infectious complications due to both immunosuppression as well as the direct interface between the transplanted lungs and the external environment (7) .
Although clinicians strive to carefully monitor for these complications, diagnostic options are limited. The current gold standard for diagnosis of acute rejection is the transbronchial biopsy, an invasive procedure with limited predictive value (8) . Diagnosis of infection requires the treating physician to correctly identify the source and to order a battery of pathogen-specific tests. Finally, posttransplantation infection and rejection often present with similar symptoms, such as shortness of breath, and standard clinical tests often fail to distinguish between these two common complications. With these challenges in mind, we developed and evaluated a diagnostic assay that simultaneously tests for rejection and infection by sequencing of circulating cell-free DNA (cfDNA). Rejection is monitored by quantifying cell-free donor-specific DNA (9) (cfdDNA) in the transplant recipient's plasma via shotgun sequencing (genome transplant dynamics; GTD). Infectious pathogens are identified by simultaneously identifying nonhuman cfDNA sequences and comparing them with known genomic databases of bacterial, viral, and fungal pathogens.
By using single-nucleotide polymorphisms (SNPs) to discriminate between donor and recipient DNA molecules, GTD provides a noninvasive yet direct measure of graft damage (10) . One would expect such an approach to be universally applicable, but few organs have been studied in depth. A previous prospective study by our group determined that GTD accurately detects acute rejection after heart transplantation [area under the curve (AUC) 0.83] (11). In the current work, we extend the application of the GTD assay to lung transplantation, making it the first such test, to our knowledge, for transplant rejection that is applicable to multiple organs. Through comparison with evidence from transbronchial biopsy, we find that cfdDNA is informative of acute and chronic rejection after lung transplantation (AUC 0.9, sensitivity 1.0, and specificity 0.73 at a cfdDNA threshold level of 1%). We moreover demonstrate that cfdDNA levels correlate well with clinical indicators of graft dysfunction, including pulmonary function test results.
Through comparison of donor DNA levels with clinical tests for cytomegalovirus (CMV), we found evidence of significant graft injury during CMV infection, a finding that supports the bidirectional relationship between CMV infection and allograft injury reported in the transplant literature (12, 13) : CMV reactivation can be triggered during acute rejection, and CMV infection in turn can trigger allograft rejection. This observation underscores the importance of simultaneous rejection and infection monitoring to guide clinical treatment. We therefore evaluated whether cell-free DNA sequencing data, obtained to measure graft injury through donor-derived DNA, is informative of infection as well as rejection,
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Data deposition: The sequence data reported in this paper have been deposited in the Sequence Read Archive, www.ncbi.nlm.nih.gov/sra (accession no. PRJNA263522). that is, whether pathogen-derived sequences of cfDNA can be identified. We found that clinical tests for CMV infection correlated well with the level of CMV-derived cell-free DNA (AUC 0.91). We then used hypothesis-free screening of pathogen-derived cell-free DNA to identify undiagnosed cases of infection within our study cohort.
Results
We performed a prospective cohort study to evaluate the performance of sequencing-based analysis of cell-free DNA for the simultaneous monitoring of rejection and infection after lung transplantation. Fifty-one patients were enrolled while awaiting transplantation ( Fig. 1 and Table S1 ), and 398 serial plasma samples were collected at specified time points after the transplant procedure. Following purification and sequencing of cell-free DNA (mean sequencing depth 24 million fragments, 1 × 50 bp or 2 × 100 bp), human-and nonhuman-derived sequences were isolated and analyzed with respect to clinical metrics of graft injury and infection, respectively.
Quantifying Donor-Derived DNA. The human fraction of cell-free DNA was a mixture of donor-and recipient-derived sequences. These sequences were distinguished based on SNP genotype information (10, 11) , which was measured via SNP arrays performed on donor and recipient whole-blood samples collected before transplantation. After counting the number of recipient and donor molecules, the fraction of donor-derived DNA was computed. The rate of erroneous donor or recipient assignments was estimated for each sample independently, and donor levels were corrected based on the measured assignment error rates as described previously (SI Materials and Methods) (11) . Samples with high measured technical error rate, indicating technical problems or issues with sample cross-contamination, were excluded from analysis (error rate > 0.5%, n = 5).
Organ-Specific Features in Early and Late Dynamics. We first examined cfdDNA levels in lung transplant recipients without evidence of allograft rejection or infection (n = 240; Fig. 2 ). We observed changes in cfdDNA levels throughout the posttransplant time course that differ from the cfdDNA levels seen following heart transplantation ( Fig. 2A , Inset; heart transplant data are from ref. 10). After either lung or heart transplantation, highly elevated cfdDNA levels are observed during the first few days posttransplant (26 ± 14% and 3.8 ± 2.3% on the first postoperative day for bilateral lung and heart transplants, respectively), and the levels subsequently decrease over time. Whereas the data for heart transplants were well-described using a model that assumes singledecay kinetics (single exponential), the data for lung transplants were best described by a model that assumes two-step decay kinetics (bilateral transplants, double exponential, R-squared measure of the goodness of fit 0.89 and 0.47 for double-and singleexponential fits, respectively; Fig. S1 ). cfdDNA levels measured after lung transplantation remained elevated compared with heart transplants throughout the posttransplant course. Moreover, a small but significant increase in cfdDNA levels in the absence of rejection or infection was observed starting at 3 mo posttransplant ( mass. In conjunction with a previously measured median clearance rate [median half-life 22 min (14)] and load (mean 30 ng/μL) of cellfree DNA in plasma, we used the cfDNA measurement to estimate the allograft cellular turnover rate (Fig. 2C ). The measured cell turnover rate was higher in bilateral than in single-lung transplants (mean turnover 107 and 58 cells per s for bilateral and single-lung transplants, respectively) and greater for lung than heart transplants (mean turnover rate 8 cells per s for heart transplants, samples collected >14 d after transplant in the absence of rejection), consistent with the larger mass of transplanted lungs relative to hearts and the greater turnover rate of lung versus heart cells (15, 16) . In the calculations that follow, we account for differences in bilateral versus single-lung transplant tissue mass by multiplying the cfdDNA level for single-lung transplants by a factor of 2.
cfdDNA Levels During Acute Rejection. After correcting for allograft tissue mass, we examined cfdDNA levels in the plasma of lung transplant recipients diagnosed with acute or chronic rejection. Representative time courses for individual patients diagnosed with moderate or severe acute cellular rejection by biopsy (Fig. 3A) show cfdDNA levels that are markedly elevated from baseline (cfdDNA 14.7% and 15.2%, respectively) and, in one case, the cfdDNA level continued to increase following diagnosis and rejection treatment (cfdDNA 22.9%, 64 d postdiagnosis). An aggregate of the data collected on 51 lung transplant recipients further demonstrates elevated cfdDNA levels detected during acute rejection events (red points, Fig. 3B ) relative to samples collected in the absence of rejection (blue points, Fig. 3B ).
Analysis of Test Performance. We next evaluated whether cfdDNA levels can predict acute and chronic rejection. Given the uniformly elevated levels of cfdDNA observed during the initial 60 d after lung transplantation for all patients, these early time points were excluded from analysis (gray points, Fig. 3B ). We examined the concordance of cfdDNA with transbronchial biopsy grades where available (n = 113). The level of cfdDNA was significantly higher for samples collected at moderate or severe rejection (≥A3) than for samples collected at quiescence (A0) (P = 5.10
, MannWhitney U test; Fig. 4A) . A receiver-operating characteristic (ROC) analysis of the performance of cfdDNA in classifying moderate-to-severe acute rejection (≥A3) versus the absence of rejection (grade A0) yielded an area under the curve of 0.9 (sensitivity 1 and specificity 0.73 at a cfdDNA threshold level of 1%; Fig. 4B ). An ROC analysis of the performance of cfdDNA in distinguishing rejection-free patients and patients with mild-to-severe rejection yielded an AUC of 0.76. Last, an ROC analysis of the performance of cfdDNA in distinguishing rejection-free and patients with minimal-to-severe rejection yielded an AUC of 0.70.
We further compared levels of cfdDNA against an array of clinical metrics that are used to guide treatment decisions, including pulmonary function tests (spirometry), clinical signs of rejection, rejection treatment decisions, diagnosis of antibody-mediated rejection, and clinical diagnosis of chronic allograft dysfunction. We found an inverse relationship between the cfdDNA signal and the measurement of the volume of air exhaled by the patient within 1 s during forced breath (FEV1, percentage of predicted for age, height, and body composition; Fig. 4C ). cfdDNA was elevated, coinciding with clinical diagnoses of CLAD (P = 1.10
, MannWhitney U test; Fig. 4F ) and clinical diagnoses of antibody-mediated rejection (AMR) (P = 0.04, Mann-Whitney U test; Fig. 4G ). cfdDNA furthermore correlated with rejection treatment decisions (P = 5.10
, Mann-Whitney U test; Fig. 4E ) and clinical diagnosis of rejection (a diagnosis of exclusion: In the absence of a biopsy and evidence of another cause of a decline in lung function, e.g., infection or heart failure, a presumptive diagnosis of acute rejection is made; P = 6.10
, Mann-Whitney U test; Fig. 4D ).
Cytomegalovirus-Induced Graft Injury. We next compared cfdDNA levels and clinical indicators of infection. Together with allograft rejection, infectious complications remain among the most important causes of morbidity and mortality after lung transplantation (17) , with cytomegalovirus infections posing the most significant known threat (13) .
To study the relationship between infection and graft damage, we collected clinical measurements of specific infections performed on 14 specimen types (Fig. S2) . Infections with 56 different agents were reported at time points for which plasma samples were available for sequencing, including a large number of rare infections (25 infections were reported only once). We tested whether donor-derived cfDNA levels correlated with the presence or absence of these infections, and observed a significant elevation of cfdDNA for patients who tested positive for CMV in bronchial lavage samples or serum [P << 1e-6 (Fig. 5A) ; samples collected in the first 2 mo were excluded]. This observation was unique to CMV, as no significant correlation was found for other infectious agents after accounting for multiple comparisons (31 infections for which more than one positive test was reported coinciding with a sample point; Bonferroni-corrected significance threshold, P = 0.05/31), that is, other infections that do not cause direct graft injury did not result in elevations of lung-derived cell-free DNA (Fig. 5B) . The observed correlation between CMV diagnosis and cfdDNA is consistent with reports of direct and indirect pathways through which CMV causes allograft injury (12) . Our data also indicate that CMV infection does not confound the use of donor DNA as a marker of acute rejection; the AUC for donor DNA versus biopsy is minimally Clinical Monitoring of the Virome. The high incidence of infections in lung transplantation and the potential benefit of coupling cfdDNA and infection measurements prompted us to examine whether pathogen-derived sequences can be detected and used to monitor infections (18) (19) (20) (21) . We first quantified reads that map to the CMV genome for each sample (SI Materials and Methods) (10) and observed increased CMV abundance in samples that were clinically positive for infection (P = 7.10
, Mann-Whitney U test ; Fig. 5C ); the level of CMV-derived DNA in our samples matched clinical reports of CMV with an AUC of 0.91 (Fig. 5C ). These data indicate that CMV surveillance can be performed in parallel with rejection monitoring using the same sequence data, and led us to examine whether other viral infections could be similarly monitored.
We identified well-characterized pathogens and oncoviruses (Fig. 6A) as well as commensal torque teno viruses (TTVs; Alphatorquevirus genus), which is consistent with previous observations of a link between immunosuppression and TTV abundance (21) (22) (23) (24) . The frequency of clinical testing for these viruses varied considerably, with frequent surveillance of CMV [human herpesvirus 5 (HHV-5); n = 1,082 tests in our cohort] relative to other pathogens (Fig. 6A) . We evaluated the incidence of infection (number of samples in which a given virus is detected via sequencing) relative to clinical screening frequency. Although CMV was screened for most frequently (335 samples), its incidence as determined by sequencing (detected in 22 samples) was similar to that of other pathogens that were not routinely screened, including adenovirus and polyomavirus (clinically tested on four occasions and one occasion, respectively; Fig. 6A ).
Adenovirus is a community-acquired respiratory infection that can cause graft loss in lung transplant recipients and poses a particularly high risk for pediatric patients (25, 26) . Samples were collected from one pediatric patient (L78, Fig. 6B, a) who tested positive for adenovirus. This patient had the highest adenovirusderived DNA load in our cohort. A sustained adenovirus load was furthermore observed in several adult transplant recipients who were not screened clinically (e.g., L34, Fig. 6B, a) , as testing is typically restricted to pediatric lung transplant cases.
Polyomavirus is the leading cause of allograft rejection after renal transplantation (26) but is not routinely included in postlung transplant surveillance. We detected polyomavirus in two patients who were not tested for this virus (L57 and L15). In both cases, the clinical records indicated persistent renal insufficiency, which could have resulted from polyomavirus infection. A time series of the polyomavirus load measured for one of these untested patients (L57) is shown in comparison with a time series for a patient who was clinically diagnosed with polyomavirus infection (Fig. 6B, b) . In a last example of the potential benefit of broad and hypothesis-free infection screening, we examined a patient who exhibited a high load of HHV-8 (Fig. 6B, c) , an oncovirus that can cause complications following solid-organ transplantation (27) . This patient 28) . Although posttransplant monitoring for HHV-8 is only recommended in particular clinical circumstances (27) , use of sequencing enables the identification of the virus in nonsuspect cases that would otherwise go undetected.
Clinical Monitoring of the Microbiome. In addition to viruses measured in serum, we also observed an agreement between cell-free DNA measurements and fungi and bacteria detected in other body fluids, including Klebsiella pneumoniae infections detected via urine culture (ROC 0.98; Fig. S3A ) and fungal infection detected in bronchoalveolar lavage (BAL) (Fig. S3B) . We found that the strength of these correlations depended both on the infection type and body site queried. We observed better performance for body sites that have tighter coupling to blood (Fig. S3C) . In addition, we found that the assay performance depends on the level of the normal background signal. For example, test performance for the most commonly cultured bacteria (Pseudomonas), detected in over 80% of patient samples, was poor (AUC 0.62), in contrast to test performance for the most commonly detected viral pathogen (CMV), detected in only 6% of our patient samples (AUC 0.91). This highlights an important caveat in the ability of the plasma DNA sequencing to detect increased abundance of commensal organisms (including Pseudomonas), which are part of the normal flora (29, 30) , compared with organisms that only have a pathogenic role, which have a low or zero background. In the case of commensal bacteria, the clinical question is not presence or absence but rather presence or absence in particular body sites; cell-free DNA may be of limited use in such cases because it lacks such specificity.
We conclude with an example of the detection of clinically relevant fungal infection. We detected cell-free DNA derived from microsporidia, a fungus that can cause intestinal infections in immunosuppressed patients (31) . We measured a sustained microsporidia load in one patient who exhibited classic symptoms of microsporidiosis (L78, Fig. 6B, d ). An adenoviral infection (Fig.  6B, a) was the suspected cause, although endoscopy and sigmoidoscopy results were inconclusive and stool samples tested negative for adenovirus as well as Clostridium difficile, a common cause of diarrhea in immunocompromised hosts. Based on our sequencing data, microsporidiosis was a possible cause of the patient's symptoms, because the microsporidia signal measured in this patient is similar to that of I6, a patient from an unrelated cohort who tested positive for microsporidia by a clinical assay (Fig. 6B, d ).
Discussion
With 10-100 billion fragments per milliliter of plasma, circulating cell-free DNA is an information-rich window into human physiology, with rapidly expanding applications in cancer diagnosis (32) , cancer treatment monitoring (33) , genetic prenatal diagnosis (34) , and monitoring of heart transplant rejection via genome transplant dynamics (11) . In this work, we applied the principle of GTD to lung transplantation, a particularly challenging type of solid-organ transplant that is limited by poor survival rates as well as by an inaccurate and invasive test for allograft rejection. We have shown a strong concordance between cfdDNA levels and clinical indicators of rejection, demonstrating that cfdDNA is a broadly applicable marker of graft injury that can potentially improve upon the performance of transbronchial biopsy, the current gold standard.
Using donor DNA as a metric, we found evidence of graft injury during CMV infection. This is in line with previous reports of the direct and indirect immunomodulatory pathways through which CMV causes graft injury (12) . Given the high incidence of infectious complications in lung transplant recipients and the bidirectional relationship that frequently exists between rejection and infection, clinical decision making relies on accurate diagnosis of both infection and rejection. We therefore extended the scope of GTD to include infectious disease monitoring. We first demonstrated a good agreement between clinical test results and cfDNA derived from CMV, a leading cause of posttransplant graft injury. We furthermore showed that hypothesis-free infection monitoring revealed numerous untested pathogens, including undiagnosed cases of adenovirus, polyomavirus, HHV-8, and microsporidia infection in patients who had similar microbial cfDNA levels compared with patients with positive clinical test results and associated symptoms.
The assay presented herein has the potential to become an important tool for lung transplant surveillance within the next few years, considering (i) the high incidence of acute rejection and difficult-to-diagnose infectious complications; (ii) the numerous limitations of transbronchial biopsy in rejection surveillance; (iii) the lack of alternative, noninvasive tests of graft injury after lung transplantation; and (iv) the relatively low cost associated with the assay. This study furthermore illustrates the potential benefit of broad, sequencing-based monitoring of infection as opposed to pathogen-specific testing, an approach that will have clinical shown, relative to the signal observed in patient L78, who had symptoms of microsporidiosis but was not tested. In all cases, the logged coverage ratio (organism coverage relative to human coverage for the sample) is reported. Because the data are logged, zero values were replaced with the detection limit of the assay (horizontal lines indicate the coverage ratio obtained for a single read assigned to the organism in the given sample).
applications beyond transplantation (35) . A number of issues need to be resolved before sequencing-based infection testing can be widely considered as a clinical tool (36) , including the establishment of pathogen-specific thresholds to discriminate between colonization, infection, and disease. This approach, however, may be of immediate use in formulating hypotheses for the occurrence and source of an infection. This is of particular relevance in transplantation, where the incidence of infections is high, rejection and infection can occur concomitantly, and symptoms of infection and rejection are often difficult to discriminate. In summary, we describe a noninvasive diagnostic assay that can be used to simultaneously monitor for acute rejection as well as a broad spectrum of infections in a contemporary lung transplant cohort.
Materials and Methods
The goal of this study was to test the utility of genomic analyses of cell-free DNA for the diagnosis of rejection and infection after lung transplantation. Patients listed for lung transplantation at Stanford University Hospital were enrolled in the study. Multiorgan transplant recipients were excluded. The study was approved by the Stanford University Institutional Review Board (Protocol 17666). All patients provided written informed consent.
Pretransplant blood samples were collected from the donor and recipient for SNP genotyping. Plasma samples were collected longitudinally at the following time points posttransplant: weeks 1, 2, 4, and 6, and months 2, 2.5, 3, 4, 5, 6, 8, 10, 12, 16, 20, and 24 . A subset of samples (36/398) was collected at time of clinical change. A subset of lung transplant recipients also had blood samples collected on posttransplant day 1 (up to three samples), day 2 (up to two samples), and day 3. In each case, blood samples were collected before biopsy or bronchoalveolar lavage procedures were performed.
Sequencing and genotyping sample preparation protocols are described in detail in SI Materials and Methods and in ref. 11 . The analysis workflow used to quantify the fraction of donor-derived DNA is described in detail in ref.
11. The analysis workflow for the quantification of nonhuman-derived DNA is described in detail in SI Materials and Methods.
Analyses were performed in R 2.15.1 (www.r-project.org/) and Python 2.7 (www.python.org/download/releases/2.7/). Groups were compared by the nonparametric Mann-Whitney U test. A value of P < 0.05 was considered statistically significant.
The sequence data generated in this study have been deposited in the Sequence Read Archive (accession no. PRJNA263522). Other patient data, including patient genotyping data, not included in this manuscript can be shared upon request.
